The yeast SNX4 sub-family of sorting nexin containing a Bin-Amphiphysin-Rvs domain (SNX-BAR) proteins, Snx4/Atg24, Snx41 and Atg20/Snx42, are required for endocytic recycling and selective autophagy. Here, we show that Snx4 forms 2 functionally distinct heterodimers:
tion with retromer at the late (also called, "pre-vacuolar") endosome. 10, 11 However, the assignment of Snx4 family proteins to an early endosome is based chiefly on genetic epistasis tests, which do not distinguish their cellular site(s) of action. In this study, we establish that Snx4, Snx41 and Atg20 localize to endosomes, most of which are also decorated by Vps5-Vps17, indicating that they act concurrently during endosome maturation.
Deletion of SNX4, also called ATG24, or ATG20, also called SNX42, results in deficient turnover of proteins in the lysosome-like vacuole via selective autophagy pathways, though the specific functions of the encoded proteins in autophagy have proven elusive to define. [12] [13] [14] [15] An indirect role for Snx4 and Atg20 in the cargo-selective cytoplasm-to-vacuole arm of the autophagy pathway has been proposed whereby they function to maintain a Golgi-localized pool of Atg9, an integral membrane component of the autophagy machinery, by mediating endosome-to-Golgi transport of Atg9. 16, 17 However, this is unlikely to fully explain the role(s) of Snx4-Atg20 in autophagy because Atg9 can be trafficked from the endosome to the Golgi via redundant pathways. 16, 17 Here, we describe an endosome-to-Golgi retrograde trafficking pathway that relies on a previously unrecognized Snx4-Snx41 SNX-BAR heterodimer to sort Atg27, an integral membrane protein required for autophagy, 18, 19 to the Golgi apparatus.
| RESULTS AND DISCUSSION
High throughput protein interaction screening and immunopurification experiments employing ectopically expressed Protein A-tagged proteins provide evidence of physical interactions between all the 3 Snx4 family proteins. 10, 12, 20, 21 However, most of these results were published prior to the discovery that the BAR domain is a dimeric structural module, so the full physiological significance of the observed interactions was not appreciated; moreover, it was proposed that the 3 proteins are components of a single complex. 10 We reasoned that intracellular targeting of individual Snx4 family proteins is dependent upon their association with its partner in the SNX-BAR dimer. Thus, to address functional interactions among Snx4 family proteins, we used live cell fluorescence microscopy to compare the cellular distributions of each fluorescently tagged Snx4 protein in wild-type (WT) and mutant cells containing deletions of each of the other SNX4 family genes. Each Snx4 family protein was expressed from its native locus with a C-terminal tandem green fluorescent protein (2xGFP) and the functionality of the tagged proteins was confirmed by proper localization of mCherry-tagged Snc1, a v-SNARE molecule that is an established retrograde cargo of the Snx4 pathway. 10 In WT cells, all the 3 Snx4 proteins display a punctate distribution typical of Golgi/endosome-localized proteins, confirming previously published reports ( Figure 1A) . 10, 12, 22 Quantitative colocalization analysis shows that Snx4 colocalizes equally with Snx41 and Atg20 Figure 1A) . Similarly, Atg20 localizes to the cytosol in snx4Δ cells. We note that Snx4-2xGFP and Snx41-2xGFP puncta are observed in some snx41Δ atg20Δ and snx4Δatg20Δ double mutant cells, respectively ( Figure 1A) . However, the motion of these puncta is less dynamic compared with the puncta observed in WT cells (unpublished observations 
| Snx4 family and retromer SNX-BARs coat distinct endosomal tubules
A general function of SNX-BAR proteins is to serve as coat proteins of endosome-derived, tubular transport carriers. 2 We previously reported that retromer SNX-BAR proteins (Vps5 and Vps17) and Mvp1/Snx8 codecorate tubules containing retrograde cargo that bud and fission from an endosome, 23 and we sought to determine if Snx4 family proteins also decorate endosome-derived tubules. Accordingly, we used live cell time-lapse fluorescence microscopy of single endosomes decorated by C-terminal 2xGFP-tagged Snx4, Snx41 and Atg20. Figure 2A shows example galleries in which each Snx4 family protein is observed to decorate a "mother" endosome from which SNX-BAR coated tubules can be seen to bud and undergo fission. We were unable to determine if these SNX-BAR coated tubules contain Snc1, the best characterized cargo of the "SNX4 pathway," 10 because of the low abundance of Snc1 in the endosomal system. Nevertheless, given the established roles of SNX-BAR proteins in coating endosome-derived transport carriers, and the exclusion of vacuole-directed cargo (ie Mup1, described later) from Snx4 family coated tubules, we conclude that Snx4 family proteins coat endosome-derived transport carriers.
Next, the spatial and temporal dynamics of Snx4 family proteins within the endosomal system was characterized. with either Snx4 or Vps17, but not both proteins ( Figure 2C , Video S1, Supporting Information); of 100 scored tubules, only 3 appeared to contain both Snx4 and Vps17 ( Figure 2D ). These data account for the distinct cargo specificities of the Snx4 and retromer pathways;
each SNX-BAR decorates a distinct transport carrier that buds from a maturing endosome. This finding is also consistent with redundancies of these sorting machineries that have been observed for some cell surface recycling proteins, such as the Can1 arginine transporter.
11,25
Next, we compared Snx4 and Vps17 localization to a protein of the degradative multivesicular body pathway, Did2, and observed that it decorates Snx4-and Vps17-double positive endosomes, as well as endosomes that lack either SNX-BAR ( Figure 3A ). Time-lapse fluorescence microscopy showed that Did2 remains on the endosome while the levels of Snx4 and Vps17 decrease, ultimately to undetectable levels ( Figure 3B ). We note that Vps17 signal disappears from the endosome at an earlier time point than Snx4; however, this is likely due to faster photobleaching of Vps17-mTagRuby2 compared to Snx4-2xGFP. In the cases of an endosome decorated by all the 3 proteins, each protein appears to occupy a distinct domain with a small region of overlap; this is particularly apparent in a line scan across an endosome ( Figure 3A ). These results indicate that these proteins occupy distinct domains on the endosome membrane, similar to the mosaic of domains on mammalian endosomes. 26 The results indicate that, contrary to the assignment of Snx4 family and retromer SNXBARs to distinct endosomes, these proteins act concurrently on a maturing endosome. This conclusion is further supported by a recent study showing that endocytic cargo (fluorescently labeled alpha factor) arrives at an endosome decorated with Snx41 or Vps17 with identical kinetics. 22 2.2 | Dynamin-like protein, Vps1, is required for fission of Snx4-coated endosome-derived tubules
The dynamin-related GTPase, Vps1, is required for retromerdependent retrograde trafficking from the endosome, 23 as well as
proper trafficking of Snc1, a Snx4-Atg20 retrograde cargo. 27, 28 To determine if Vps1 also plays a role in Snx4-mediated trafficking, we first quantified the numbers of endosomes in WT vs vps1Δ cells expressing Snx4-2xGFP and Vps17-2xRFP as a control. As expected from our published observations of Vps17 in vps1Δ cells, 23 ;). This is also consistent with the enlarged Vps17-decorated endosomes we have seen in vps1Δ cells previously. 23 Time-lapse fluorescence microscopy ( Figure 4B) showed a clear delay in the fission of Snx4-2xGFP coated tubules in vps1Δ cells, inferred from measurements of coated tubule lifetime. 23 This was observed for both Snx4 tubules and, as previously noted, for Vps17 tubules ( Figure 5B,C). 23 From these results, we conclude that Vps1 plays a general role in promoting fission of SNX-BAR coated tubules from the endosome.
| Snc1 is sorted to the vacuole of snx4Δ and atg20Δ mutant cells
The best characterized cargo of Snx4 family trafficking pathways is Snc1, a v-SNARE of secretory vesicles that is retrieved back to the Golgi by endocytosis and subsequent retrograde trafficking. A prior study 10 reported that Snc1 localizes to the vacuole of snx4Δ and atg20Δ mutant cells, indicating that Snx4 and Atg20 are required for recycling of GFP-Snc1, and we confirmed these results; 95% of 
| Retrograde sorting of Atg27 requires Snx4 and Snx41
There are 2 integral membrane protein components of the yeast autophagy pathway, Atg9 and Atg27 and GFP-tagged forms of each protein are broadly distributed to organelles of the endo-vacuolar system (Golgi, endosome and vacuole) and the autophagy pathway (preautophagosomsal structure, PAS and autophagosome). [17] [18] [19] 29, 30 One proposed role for Snx4-Atg20 in autophagy is retrograde trafficking of Atg9 from the endosome to the Golgi, in order to maintain a reservoir of Atg9 at the Golgi, the proposed source of "Atg9 vesi-
cles" that function early in autophagosome biogenesis. 16, 17, 29 We therefore compared localization of GFP-tagged Atg27 in Snx4 family deletion mutants, as loss of retrograde sorting will result in delivery to the vacuole. Because there is a substantial pool of Atg27-GFP in the vacuole membrane in WT cells, 18 it was difficult to gauge the amounts of Atg27-GFP on the vacuole membrane in WT vs mutant cells. As vacuole localization of Atg27-GFP requires a functional AP3-dependent sorting signal, we examined a form of Atg27, first described by Segarra et al, 18 in which the AP3 sorting signal has been deleted (termed, "Atg27-ΔYSAV-2xGFP") ( Figure 6A ). In agreement with Segarra et al 18 less than 15% of WT cells displayed Atg27-ΔYSAV-2xGFP circumferential vacuole membrane localization, and this is also true for atg20Δ cells. In striking contrast, Atg27-ΔYSAV-2xGFP localized to the vacuole membrane in more than 60% of snx4Δ and snx41Δ cells ( Figure 6E ). These data indicate that Snx4 and Snx41, probably as a Snx4-Snx41 heterodimer, are required for endosome-to-Golgi trafficking of Atg27. In consideration of the Snc1
and Atg27 trafficking data, we conclude that Snx4 is a common subunit of 2 functional distinct SNX-BAR dimers, Snx4-Atg20 and Snx4-Snx41. Cargo specificity must be conferred by the unique subunits of the dimers; Atg20 confers specificity for Snc1 trafficking, and Snx41 confers specificity for trafficking of Atg27.
Curiously, a version of the Atg27-GFP fusion protein with a functional AP3 sorting signal, 18 which we term "Atg27-link-2xGFP," does not appear to be mislocalized in snx4Δ and snx41Δ cells (Figure 7 ).
This apparent conflict with the distribution of Atg27-ΔYSAV-2xGFP in these cells is readily explained by the masking of the effect of Snx4 (P < .0001) and Vps17 (P = .0005) tubule lifetimes were increased in vps1Δ cells; Right graph, Endosome density (puncta/cell) was calculated by using optical Z-sections (0.30 um) for Snx4-2XGFP and Vps17-2xRFPs in wild-type and vps1Δ cells. Both Snx4 (P < .0001) and Vps17 (P < .0001) endosomes are increased in vps1Δ cells. Standard deviations are indicated and P values were calculated using paired Student's t test. GFP, green fluorescent protein. 3 | MATERIALS AND METHODS
| Yeast strains and culture conditions
Yeast strains were constructed in BY4742 (MATα his3-1, leu2-0, met15-0 and ura3-0) by homologous recombination of gene-targeted, polymerase chain reaction (PCR)-generated DNAs using the method Atg27-link-2xGFP yeast strains were constructed using a forward primer that introduced a 17 amino acid linker between Atg27 and 2xGFP.
Cells were grown in standard synthetic complete medium lacking nutrients required to maintain selection for auxotrophic markers and/or plasmids. 33 For experiments using Mup1-mTagBFP2, cells
were grown overnight at 24 C to early log phase in synthetic complete medium lacking methionine. Cultures were supplemented to 20 μg/mL methionine to induce endocytosis of Mup1 and images were captured within 15 minutes of addition.
For rapamycin treatment and FM4-64 labeling, 0.2 μg/mL of rapamycin (R-5000, LC laboratories) was added to early log phase cell cultures in standard synthetic complete medium and incubated at 30 C, then concentrated and incubated with 32nM FM4-64 for 20 minutes in YPD, washed and resuspended in fresh synthetic complete medium containing 0.2 μg/mL of rapamycin for a total of 4 hours rapamycin incubation time.
| Subcellular fractionation and immunoblotting
For subcellular fractionation studies, spheroplasts were made from WT or snx4Δ cells expressing Atg27-link-2xGFP and processed as described. 34 Briefly, cells were grown under standard vegetative or autophagy inducing conditions to OD600 ≈ 0.5, as described above.
Spheroplasts from 30 × 10 7 cells were harvested per yeast strain and lysed. Crude lysate was clarified by centrifugation at 1000g for 5 minutes at 4 C, generating P3 and S3 fractions. The supernatant (S3) was centrifuged at 13 000g for 10 minutes at 4 C, generating P13 and S13 fractions. The S13 fraction was then centrifuged at 100 000g for 1 hour at 4 C using Optima Max-XP benchtop ultracentrifuge (Beckman Coulter), generating P100 and S100 fractions. Anti-Pgk1 at 1:5000 (Life Technologies) was used as loading controls.
All enhanced chemiluminescence blots were developed on a Chemidoc-XRS+ (Bio-Rad) and band intensities were quantified using Quanity One 1D analysis software (Bio-rad).
| Light microscopy and image analysis
Yeast cells from cultures grown to OD 600 ≈ 0.5 were mounted in growth medium, and 3D image stacks were collected at 0.3-μm z increments on a DeltaVision workstation (Applied Precision) based on an inverted microscope (IX-70; Olympus) using a 100 × 1.4 numerical aperture oil immersion lens. Images were captured at 24 C with a front illuminated sCMOS, 2560 × 2160 pixels camera and deconvolved using the iterative-constrained algorithm and the measured point spread function. Image analysis and preparation was done using For dual color movies we routinely used exposure times of 100 milliseconds for 2xGFP and 150 milliseconds for 2xRFP paired with DeltaVision's Live Cell GFP/mCherry filter set which resulted in an acquisition time of~400 milliseconds per interval. For 3 color movies, FIGURE 8 Summary of SNX-BAR sorting pathways in the yeast endosomal system. The endosomal maturation pathway is depicted. We propose that the Snx4 family proteins function concurrently with retromer SNX-BARs on an endosome to sort distinct cargo proteins. Snx4 dimerizes with Snx41 or Atg20, each of which confer distinct cargo specificities. Snx4-Atg20 functions on the Snc1 v-SNARE recycling pathway to transport Snc1 to the Golgi, and Snx4-Snx41 functions to transport Atg27 to the Golgi where it is then transported via the AP3 pathway to the vacuolar membrane. 18 We speculate that Snx4-Atg20 and Snx4-Snx41 heterodimers coat distinct carriers. BAR, BinAmphiphysin-Rvs; SNX-BAR, sorting nexin containing a BAR domain.
a 100 to 150 milliseconds exposure with 405 nm light was included to excite mTagBFP2 and was paired with DeltaVision's Standard DAPI/FITC/tetramethylrhodamine isothiocyanate (TRITC) filter set.
This allowed us to image endosome maturation and tubule budding at an acquisition time of 700 to 1000 milliseconds. Movies were then 2D deconvolved using DeltaVision SoftWoRx 6.1 software and frames were compared side-by-side in a tile-view. Only linear adjustments were made to enhance overall contrast of the tubules and figures were assembled using Adobe Photoshop.
"Endosome tubule lifetime" is defined as the time point where a vesicle/tubule emerges from a mother endosome to the time point of either an apparent fission event or the movie frame where the structure completely disappears. 23 Measurements were obtained from single or dual or triple color time-lapse movies of indicated GFP, RFP and BFP fusions. Average tubule lifetimes AE SD were determined from 30 tubules for each condition. The Student's t test was used to calculate P-values. Endosome tubule compositions were quantified as previously described (n = 100). 23 To visualize vacuole membrane, yeast cell cultures were incubated with FM4-64 lipophilic dye at 32 nM at 30 C for 20 minutes in YPD, washed and resuspended in fresh medium and grown for 120 minutes to allow FM4-64 to transit to the vacuole membrane. 35 We identify Atg27-ΔYSAV-2xGFP and Atg27-2xGFP vacuole membrane localization as non-punctate, continuous and circumferential overlapping signal with the vacuole membrane dye, FM4-64, as described in Segarra et al. 
